Introduction
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basis of more than 3-4 layers of compact cumulus and cytoplasm homogeneity [2] . Brilliant cresyl blue (BCB) stain is one of the best known non-invasive methods which permit the categorization of good and poor quality oocytes among a heterogeneous pool [3, 4] . BCB -oocytes which are still in their growing phase have reduced abundance of important transcripts known to impart developmental competence when compared to BCB + ones [5] . A diverse plethora of factors which are produced by cumulus cells that participate in bidirectional communication thus affecting oocyte quality have been identified [6] . In a recent study, differential transcripts in cumulus cells of BCB + and BCB -oocytes were observed [7] . These factors synthesized by cumulus cells contribute vitally to the subsequent oocyte development. Progesterone has been found to be secreted by cumulus cells during in-vitro maturation (IVM) [8] , which then induces the progesterone receptors in cumulus cells leading to meiotic resumption in porcine and bovine oocytes [9, 10] . Its importance during IVM can be judged from the fact that blocking these progesterone receptor (PGR) in porcine oocytes resulted in inhibition of cumulus expansion [11] . Several other evidences exist where inhibiting progesterone synthesis and secretion by cumulus cells significantly reduced the cumulus expansion and thus oocyte maturation in cattle [12] . Besides, progesterone also regulates expression of TNF 毩 -converting enzyme (TACE)/A disintegrin and metalloprotease-17 (ADAM17) which in turn controls expression of epidermal growth factor (EGF)-signalling factors like amphiregulin (AREG), epiregulin. These factors have been implicated in the process of cumulus expansion and oocyte maturation [13] . Further its role not only as a chemo-attractant for spermatozoa [14, 15] , but also as a one which tends to modulate sperm functional features like hyperactivation, acrosome reaction, zona penetration rates and motility has been reviewed extensively [16] .
Recent evidences hint towards requirement of progesterone during follicular development in animals. In a study, it has been shown that lactating cows with low progesterone (P4) were having high amount of luteinizing hormone which in turn compromised early stages of embryonic development [17] [18] [19] . Further, the amount of progesterone secreted has been observed to be positively correlated with number of cumulus cells surrounding the oocyte. Poor morphology oocytes with less number of cumulus cells are unable to produce enough level of progesterone required to proceed through development [20] . In humans, a momentary expression of progesterone receptor has also been shown in cumulus cells during in vitro fertilization (IVF) program which probably adds to further developmental competence [21] . To our knowledge, the present study is probably the first of its kind where the study has estimated the progesterone concentration in BCB + and BCB -cumulus oocyte complexs (COCs) during IVM and subsequent incorporation of the different doses of P4 in IVM medium of BCB -ve COCs to assess if the progesterone has any effect in improving the maturation, fertilizing ability and subsequently the developmental competence of BCB -oocytes.
Materials and methods
Progesterone secreted by different quality of buffalo oocytes was estimated by enzyme linked immunosorbent assay (ELISA) and the concentration differences were translated into P4 doses to be incorporated in the maturation medium of BCB -ve COCs followed by expression analysis of genes involved in the cumulus expansion, extracellular matrix disintegration and progesterone receptor signaling. In addition, the study also evaluated the effect of exogenous P4 on sperm-cumulus interaction. The details of the work explained as follows.
Oocyte recovery and BCB staining
Buffalo ovaries were obtained from a local abattoir (Ghazipur slaughter house, Delhi, India) and transported to laboratory in normal saline (0.9% NaCl) containing 50 µg/mL streptopenicillin at 37 曟 . Then after, ovaries were washed in normal saline at 37 曟 in the laboratory. COCs were recovered by aspirating antral follicles (3-8 mM in diameter) using aspiration unit (Cook) with pressure at 59 mM Hg in a 50 mL tube (Nunc). Only oocytes with 3-4 layers compact cumulus layers and homogeneous cytoplasm were selected for BCB staining. Oocytes were washed in modified Dulbecco's phosphate buffered saline (mDPBS) containing 0.4% bovine serum albumin and exposed to 26 µM BCB (B-5388, Sigma) diluted in mDPBS for 90 min at 38.5 曟 in a 5% CO 2 humidified atmosphere [5] . Following this, oocytes were washed twice in mDPBS and classified into two groups, according to their cytoplasm coloration under stereo zoom microscope. Oocytes with or without blue cytoplasmic coloration were designated as BCB + and BCB -, respectively. The oocytes were washed three times in the maturation medium [tissue culture medium-199 supplemented with 10% fetal bovine serum (v/v), 0.05 IU/mL follicle stimulating hormone), 0.05 IU/mL luteinizing hormone, 1.00 µg/mL 17 毬 -estradiol, 24.20 mg/L sodium pyruvate, 0.10 mM cysteamine, and 10.00 ng/mL EGF]. After screening, groups of 10 COCs were cultured in 100 µL droplets of maturation medium overlaid with mineral oil and incubated for 24 h at 38.5 曟 in a humidified 5% CO 2 atmosphere.
Semen sample preparation
For capillary cumulus model experiment, fresh semen was collected from bull of proven fertility from Animal Breeding Research Centre, National Dairy Research Institute, Karnal following all measures of ethical committee. After visible analysis of mass motility, sperm were prepared by swim-up method followed by counting using haemocytometer (Neubauer Improved, Marienfeld, Germany) and adjusted to get a concentration of 10 million sperm/mL in IVF media (Bracket and Oliphant media supplemented with 1.0% fatty acid free bovine serum albumin, 10 µg/mL heparin, 0.014% sodium pyruvate & 0.190% caffeine sodium benzoate).
Collection of cumulus oophorus
After 24 h of maturation, cumulus oophorus were dissected mechanically from the three COCs from each group i.e. BCB + ve, BCB -ve, BCB -ve supplemented with 10 ng/mL of P4 using a glass pipette. Cumulus en masse was pooled and washed in IVF medium.
Establishment of in-vitro capillary cumulus model
A capillary model was established as previously described [22] , with few modifications to study the interaction of sperm with cumulus cells and to show the effect of progesterone treated cumulus on sperm. A sterile glass capillary (Microcaps, Drummund, USA) was attached to 1 mL insulin syringe. Sperm capacitation media was aspirated to a length of 10 cm from the end of pipette followed by aspiration of cumulus oophorus up to length of 3 cm. The open end of capillary was dipped into 200 µL of droplet containing viable motile sperm fixed to 10 million numbers and overlaid with mineral oil. Whole set up was kept in CO 2 incubator for 1 h. After incubation the capillary was cut at 3 cm and the upper medium column was expelled in 15 mL falcon tube and penetrated spermatozoa which had crossed the cumulus barrier was counted by haemocytometer (Neubauer improved, Marienfeld, Germany). The experiment was repeated 4 times with semen collected from the same bull. Analyses of progesterone concentrations were performed with the validated solid-phase immunoassay method (Progesterone ELISA kit, Enzo Life Sciences Inc, NY, USA), with the sensitivity of 0.007 ng/mL. The intra-assay coefficient of variation was 7.8% and the inter-assay coefficient of variation was 12.1%.
Progesterone estimation via ELISA

Progesterone supplementation and in-vitro embryo production
To observe the effect of exogenous progesterone on developmental competence of BCB -oocytes, screened oocytes were matured (10 COC/100 µL of IVM medium) for 24 h in presence of 0 ng/mL (control), 5 ng/mL and 10 ng/mL of exogenous progesterone. Following this, matured COCs were co-incubated with frozen-thawed buffalo spermatozoa prepared as described earlier [23] , for 12 h at 38.5 曟 in 5% CO 2 humidified air in in-vitro fertilization media drop of 100 µL. Presumptive zygotes were then cultured in a group of 12 COCs/100 µL drop in modified Charles Rosenkrans 2 medium with amino acids media (supplemented with bovine serum albumin and 2% fetal bovine serum). Cleavage and blastocyst rates were assessed across groups and expressed as percentages. and presented as mean ± standard error. The differences between means were then analyzed by one-way ANOVA followed by Fisher's least significant difference test. Differences were considered to be significant at P < 0.05. 
Results
Different quality buffalo COCs secrete diverse levels of progesterone during in vitro maturation
Transcript abundance variations with exogenous supplementation of progesterone expression of receptor related genes
Exogenous progesterone was supplemented in the IVM medium of BCB -COCs with doses decided on the basis of difference observed in the ELISA assay. Figure 2 showed expression analysis of progesterone receptor genes-PGR and PGRMC1 in cumulus cells from control and treatment groups. PGR was found to be significantly up regulated by more than 10 fold progesterone supplemented group. This increase was evident only at 8 and 16 h of IVM after which it dropped to basal levels by 24 h. PGRMC1 expression was not influenced by exogenous progesterone. On the contrary, it was found to be inhibited during initial hours of maturation in treatment group.
Relative fold change 
Expression of maturation related genes
Exogenous progesterone supplementation could not improve fertilizing ability of BCB -COCs
In addition to documenting the effect of exogenous progesterone on maturation, its effect on fertilizing ability of oocytes was also monitored. Figure 4 represents cleavage and blastocyst rates assessed for different treatment groups as well as control. Cleavage, rate of progression to successive stages as well as blastocyst rates could not improve in different treatment groups when compared to control (Table 2) . Different letters within a particular group are significantly different (P<0.05).
Progesterone supplementation did improve number of sperm passing through cumulus barrier
As described in the materials and methods section, spermatozoa obtained by swim up of fresh buffalo bull semen was incubated with cumulus cell en mass isolated from 2-3 COCs. The mean percentage of spermatozoa that was able to cross cumulus cell barrier in different groups under this experiment was documented (Table 2) . 
Discussion
Buffaloes in India suffer from numerous reproductive problems viz late maturity, silent heat, irregular oestrous cycle, anoestrus, low conception rate, long postpartum interval, repeat breeding, etc [25, 26] .
This happens mainly due to climatic, managemental, nutritional and disease factors [26] . Attempts to improve productivity in this species stem their basis on improving its reproductive capacity which in turn demands a comprehensive understanding of oocyte biology [27] . Pertinent to this issue, the present study was conducted with emphasis on modulating the present in vitro culture conditions of buffalo oocytes in an attempt to improve their fertilizing ability.
Progesterone has been reviewed as a vital candidate involved in oocyte maturation [9] . Significantly different amounts of progesterone secreted in the medium by good and poor quality COCs as observed in the present study further reinforces this fact. Throughout the period of assessment, progesterone secretion was higher by good quality oocytes as compared to poor quality ones but this difference was significant at 24 h of IVM. This could be due to higher steroidogenic activity of good quality COCs enabling them to produce higher amount of progesterone which probably in turn activates maturation processes in an autocrine fashion [20] .
These differences in the amount of progesterone secreted were translated into doses to be incorporated in the IVM medium of poor quality buffalo COCs. To assess the P4 supplementation on oocyte maturation, mRNA expression studies of few genes involved in Values are presented as mean±standard error of the mean. Values with different superscripts within the same column differ significantly (P < 0.05). and membrane (non genomic) receptors [28, 29] . But in the study, exogenous progesterone enhanced expression of nuclear progesterone receptor signifying the fact that perhaps in buffalo oocytes, progesterone mediated most of its action using this receptor. This information is further propounded by inhibition of the membrane receptor during initial stages of IVM. Another important element in this experiment was the dynamics of PGR expression which was highest during mid maturation phases and dropped to basal levels at 24 h suggesting that progesterone is probably active during early stages during which it activates downstream targets like TACE/ADAMTS17-proteases which are important for optimum maturation [13] . On the contrary, requirement of PGRMC1 has been
propounded by some authors in order to mediate the action of P4 in granulosa cells and in prevention of apoptosis by activating the antiapoptotic genes [30] .
Further, exogenous progesterone was observed not to affect cumulus expansion genes viz. HAS 2 and TACE/ADAMTS17. HAS 2 has been reported to be expressed during early stages of maturation and thereafter dropping to basal levels by the time of ovulation [31] .
Present work is in conformity with these studies, but no significant difference between control and progesterone supplemented groups suggests that progesterone is probably not involved in cumulus expansion process. The EGF-like growth factor family member shown, where they observed a high expression of AREG during early stages of in vitro maturation of porcine oocytes and the expression decreased to basal levels at the end of maturation process [32] .
However, it was observed that increase in AREG expression at initial stage of maturation was not concomitantly followed by the increase in expression of HAS2 and TNFAIP6 mRNA in the current study.
In the study, it was found that on supplementation of 5 and 10 ng/ mL progesterone, the effect of upregulation of PGR-TACE-AREG pathway could not get carried over to later stages which might have increased the transcript abundance of genes regulating cumulus expansion. This could be due to the fact that this regulation might be precisely dependent on P4 dosage and regulated in a stage specific manner [13] .
Despite exogenous P4 could not improve maturation significantly, the study proceeded with in vitro fertilization and subsequent culture of embryos produced from control and progesterone supplemented oocytes. With little surprise, no significant difference was observed in the rate of total oocytes or cleaved oocytes developing into blastocysts between the control and treated groups (P<0.05).
Although, exogenous progesterone was able to increase overall cleavage rate in the treatment group up to certain extent when compared with control but this increase was not significant. In a sharp contrast, a study reported that poor quality oocytes (≤2 layer of cumulus cell) secretes less progesterone in culture medium and the addition of progesterone to this group of oocytes significantly increased their fertilization rate [20] . Distinct evidences are available reporting effect of exogenous progesterone on developmental ability of oocytes. Improved embryo development rate with addition of P4 were observed in a study conducted previously [33] . Conversely, negative effects of progesterone on developmental ability of oocytes rates have also been documented which were significantly reversed by addition of anti-progestin molecules [34, 35] .
Besides, sperm cumulus interaction under treated (P4 supplemented) and control conditions was also studied. Here, it is hypothesized that progesterone might be changing the cumulus characteristics of buffalo COCs which may in turn improve their fertilizing ability [36] .
Chemo-attractant properties of spermatozoa has been reported which are crucial in helping spermatozoa in the process of fertilization [14] .
To prove this, a capillary cumulus sperm interaction experiment was done in the study. It is observed that exogenous progesterone supplemented indeed made more number of spermatozoa to cross through the cumulus barrier. This could have been due to either increased penetration of progesterone treated cumulus cells by spermatozoa or due to chemo-attractant property of progesterone at higher concentrations [16] . Hong et al in 2004 had used a capillary cumulus model in which they had shown that more number of acrosome reacted spermatozoa could cross cumulus barrier thereby signifying the role of cumulus cells in selection of best sperm in large numbers for fertilization [22, 23] . From the current study results, it seems that exogenous P4 supplementation in BCB -oocytes might have modulated the properties of cumulus cells, thus making them more receptive for the passage of sperm [14] .
In conclusion, this study revealed that progesterone might have an important role in oocyte maturation by improving cumulus features such as making them more penetrative to spermatozoa, but perhaps not fertilization at least with the doses used under this study.
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